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Abstract: In the present study for the purpose of removal of boron from water by adsorption 
using adsorbents like fly ash, natural zeolite and demineralized lignite was investigated. 
Boron in water was removed with fly ash, zeolite and demineralized lignite with different 
capacities. 94% boron was removed using fly ash. Batch experiments were conducted to test 
removal capacity, to obtain adsorption isotherms, thermodynamic and kinetic parameters. 
Boron removal by all adsorbents was affected by pH of solution; maximum adsorption was 
achieved at pH 10. Adsorption of boron on fly ash was investigated by Langmuir, Freundlich, 
Dubinin-Radushkevich models. Standard entropy and enthalpy changes of adsorption of 
boron on fly ash were, ∆S0 = -0.69 kJ/mol K and ∆H0 = -215.34 kJ/mol, respectively. The 
negative value of ∆S0 indicated decreased randomness at the solid/solution interface during 
the adsorption boron on the fly ash sample. Negative values of ∆H0 showed the exothermic 
nature of the process. The negative values of ∆G0 implied that the adsorption of boron on fly 
ash samples was spontaneous. Adsorption of boron on fly ash occurred with a pseudo-second 
order kinetic model, intraparticle diffusion of boron species had also some effect in adsorption 
kinetics. 
 
Keywords: Boron, boric acid, borate ion, fly ash, coal, zeolite, adsorption, Langmuir 
isotherm, Freundlich isotherm, Dubinin-Radushkevich model.  
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INTRODUCTION 
 
The U.S. Bureau of Mines and U.S. Geological Survey, report that world production of borate 
minerals and boron chemical derivatives are about 5×106 tons of B2O3 per year and world 
reserves are calculated as 270×106 tons (in B2O3 form). The United States (42%), Turkey 
(42%) and South America (11%) are the biggest producers and they constitute about 95% of 
borate production worldwide [1]. The occurrence of boron compounds in waters increases in a 
continuous and parallel way to industrial development. The main boron sources, whose 
presence is detected in surface waters, are urban wastes rich in detergents and cleaning 
products; industrial wastes, which can come from a wide range of different activities as well 
as several chemical products used in agriculture [2]. Boron is generally found in natural water 
as boric acid, B(OH)3, and/or borate ion, B(OH)4
- [3].  
Boron is an essential nutrient for plants, but can be toxic to organisms when 
accumulated in high concentrations. Boron is widely distributed in nature in low 
concentrations, and is usually <0.1–0.5 ppm in surface freshwaters; but its higher 
concentrations are measured in a few areas [3,4]. High levels of boron concentrations in the 
range of 1-63 ppm causes environmental problems in ground thermal waters and surface 
waters in some agricultural areas of western Anatolia. Sericite, illite and tourmaline minerals, 
which are abundant in Menderes Massif rocks, are considered to be the main reason for the 
high boron contents [5]. Kizildere, which is the only commercial geothermal power plant in 
Turkey and located in Büyük Menderes river in south-west Turkey, discharges annually 6 
million tons of wastewater into the Büyük Menderes river, creating environmental pollution. 
Currently, the wastewater, which includes up to 24 ppm boron, is discharged into the river at a 
rate of 750–1500 tons per hour [6]. Boron concentrations of 4.7 ppm in seawater, 0.5-2 ppm 
in domestic wastewater and up to 8 ppm in regional groundwater are measured in Italy, 
Cyprus and Greece. According to Demirel and Yildirim [7], the World Health Organization 
defined boron level of 0.3 ppm as the non-observed effect level for drinking water. In 1998 
the European Union (EU) revised its Drinking Water Directive, which is responsible for 
regulating the quality of water in the EU intended for human consumption. Specifically, the 
EU added a new standard for boron in drinking water (1 ppm) and countries such as Italy and 
Cyprus with high natural boron concentrations in their drinking water are, thus, finding that 
compliance with the new EU boron regulation is more difficult and expensive than originally 
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anticipated [8]. High boron levels in drinking water can be toxic to humans as boron has been 
shown to cause male reproductive obstructions in laboratory animals [9-11]. 
Standard wastewater treatment methods and desalination of seawater by reverse 
osmosis are not successfully employed for the elimination of boron from raw waters [12].  
Owing to the majority of the non-charged boric acid in the solution, only a fraction of the 
boron is removed during reverse osmosis desalination [13-18]. Seawater contains 
approximately 5 ppm of boron. In most cases, the rejection of boron by reverse osmosis is not 
sufficiently high, so about one third of boron content (~1.5 ppm) is normally found in 
permeate [19]. The ion-exchange resin Amberlite IRA-743 is boron specific and has the 
capacity of almost to remove 100% of boron under high pH conditions [20-21] and has been 
previously used to remove boron from raw waters in Turkey [22-24]. 
Removing boric acid and borate ions from aqueous solutions does not seem to be 
straightforward, as has already been stated in the literature [25]. Conventional sedimentation 
and biological treatment remove insignificant amounts of boron from waters. Chemicals 
normally used in the water treatment industry do not have any effect on the boron levels in 
water. The adsorption of boron by clays, soils and other minerals has been extensively studied 
by many investigators [26-35]. Polat et al. [36] conducted various column and batch 
experiments that explored the efficiency of boron removal from seawater and desalinated 
seawater using several types of coal and fly ash materials under controlled conditions (pH, 
liquid/solid ratio, time of reaction, pre-treatment, regeneration) and reported that their 
experiments showed a considerable amount of boron (>90%) can be removed due to 
interaction with fly ash and coal under suitable conditions of high pH (>9), low liquid/solid 
ratio (<20), and reaction time (>6 h). A recent preliminary study [37] showed that activated 
alumina could be also a suitable adsorbent for the removal of boron from water. The 
adsorption was strongly dependent on pH, adsorbent dose and boron concentration. For initial 
concentration of 5 and 50 ppm, the maximum uptake of boron reaches respectively 40% and 
65% for an adsorbent dose of 0.8 and 5 g. 
In the present report, removal of boron from water by adsorption using adsorbents like 
fly ash, natural zeolite and demineralized lignite was investigated for the purpose of treatment 
of fresh water polluted with boron.  
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EXPERIMENTAL 
 
Materials 
 
The fly ash was obtained from Kemerköy thermal power plant, Milas, Mugla, Turkey. The fly 
ash had basic pH values that changed in the range of 11-12. The main component of the fly 
ash is CaO (44.2 %) and CaO was the component that gave this basic property to the fly ash. 
Turkish Gördes-Kalabak zeolite sample was used in the present study. The type of mineral in 
zeolite was clinoptilolite. The clinoptilolite content of the zeolite was 95% (by weight). The 
clinoptilolite of the sample is K and Ca rich type. The chemical analyses and surface 
characteristics of adsorbents are given in Table 1. 
Demineralized Turkish Beypazari lignite was used as an adsorbent in the present study 
(Table 1). Because the boron content in raw lignite was 291 ppm also [38]. Therefore 
Beypazari lignite was demineralized according to standard methods described previously [39]. 
In the first step, coal samples were treated with 5 % HCl solution at 60oC for 1 hour while 
being stirred. During this treatment, 250 ml of solution was used for each 40 g coal. After 1 
hour, the coal was filtered, washed with distilled water and dried in an oven. Second step was 
HF treatment, in which 200 ml of concentrated HF was used for each 30 g of sample. The 
coal was placed in a concentrated HF solution and kept at room temperature without stirring 
for 1 hour. In this step, no glassware but polypropylene laboratory ware was used. After the 
samples were filtered, washed with distilled water and dried, the third treatment was 
performed. This involved placing the coal in concentrated HCl at room temperature for 1 hour 
without stirring. After filtration, washing and drying the lignite, the demineralization was 
completed. Demineralized lignite was analyzed for boron using inductively coupled plasma 
(ICP) spectrophotometer and B2O3 was not detected in this sample (Table 1).  
 
Adsorption Experiments 
 
A series of batch adsorption tests are conducted to evaluate the effects of certain parameters, 
such as pH, initial boron concentration, adsorbent dose and time. The adsorbents used were 
fly ash, natural zeolite and demineralized lignite. All adsorbents were dried for 2 hours before 
adsorption experiments. To investigate the effect of pH of the boric acid solutions a set of 
samples were prepared. The pH of these boric acid solutions, of 10 ppm (~1 mmol/L)  B 
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concentration was adjusted to values between  2 and 11 using 1M HNO3 or 1M NaOH 
solutions. The pH of the solutions was kept constant during the adsorption process in all of the 
experiments. Samples of 50 mL of volume of these solutions were mixed with 2 g of 
adsorbent and shaken in an incubator shaker at 150 rpm mixing rate for 24 hours. At the end 
of experiment the solution was separated from the solid adsorbent by filtration and the filtrate 
was analyzed for boron concentration using inductively coupled plasma (ICP) 
spectrophotometry. 
After setting the best pH value (pH=10), to determine the optimum adsorbent dose, 
adsorption experiments with increasing amounts of adsorbents (20-200 g/L) were conducted. 
50 mL of boric acid solutions, of 10 ppm (~1 mmol/L) B concentration were shaken at 150 
rpm mixing rate with adjusted amounts of adsorbents for 24 hours. Again at the end of 
experiment the solution was separated from the solid adsorbent by filtration and the filtrate 
was analyzed for boron concentration using ICP spectrophotometry.    
To determine the time required to reach steady state in adsorption, solutions of 50 ml 
with 10 ppm (~1 mmol/L) B concentration, with optimum pH and using the optimum 
adsorbent dose were shaken for time intervals changing from 1 to 30 hours. At the end of each 
experiment the amount of boron adsorbed determined.  
After setting the optimum pH, adsorbent dose and time to reach steady state, 
adsorption isotherms were determined at different temperatures. Adsorption of different initial 
boron concentrations was examined under optimum conditions determined previously. Boric 
acid solutions with boron concentrations between 5 ppm (~0.5 mmol/L) and 20 ppm (~2 
mmol/L) were prepared and shaken with adsorbents for 24 hours. Experiments were 
performed for all of the adsorbents at 25oC and 150 rpm mixing rate. Since maximum 
adsorption was observed with fly ash, additional experiments were made using fly ash as 
adsorbent at 35oC and 45oC. After each experiment, adsorption  of boron was analyzed with 
ICP spectrophotometry. Each adsorption experiment in the present study in order to have 
average values was at least repeated 5 times before they were reported below. 
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Analytical Techniques 
 
Chemical analyses of adsorbents  
 
Chemical analysis results of the adsorbents used, reported within the text and in Table 1 are 
those obtained from the suppliers of these materials. General elemental analyses techniques 
for the lignite and wet chemical analyses techniques for zeolite and fly ash were used in the 
analyses of these materials. 
 
Boron concentration 
  
Boron concentrations of the solutions were measured with a Varian, Vista-Pro CCD 
simultaneous inductively coupled plasma ICP-OES spectrophotometer. Samples before and 
after adsorption experiments were analyzed for boron.  
 
Scanning electron microscopy (SEM)  
 
Leo Supra 35VP Field emission scanning electron microscope, Leo 32 and electron dispersive 
spectrometer software was used for images and analysis. Imaging was generally done at 2-5 
keV accelerating voltage, using the secondary electron imaging technique. 
 
XRD measurements 
  
XRD measurements of the carbonized and activated product samples of were done with a 
Bruker axs advance powder diffractometer fitted with a Siemens X-ray gun and equipped with 
Bruker axs Diffrac PLUS software. The sample was rotated (20 rpm) and swept from 2θ = 5º 
through to 80º using default parameters of the program. The X-ray generator was set to 40kV 
at 40 mA. All the XRD measurements were repeated at least three times and the results 
reported were the average of these measurements. 
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Surface analyses  
 
Surface area and pore analyses were performed with a NOVA 2200e Surface Area and Pore 
Size analyzer. 
 
Adsorption Isotherms 
 
Langmuir and Freundlich isotherms were checked for the adsorption of boron on the 
adsorbents used in the present study. Langmuir equation was employed to obtain monolayer 
capacity and is represented as, 
         Ce / Cs = 1 / (Cm L) +  Ce / Cm         (1) 
where Cs is the amount adsorbed on solid (mmol/g), Ce is the equilibrium solution 
concentration (mmol/L), Cm is adsorption capacity (maximum amount that can be adsorbed by 
adsorbent as monolayer (mmol/g), and L is a constant related to adsorption energy (L/mmol) 
[40]. 
Freundlich isotherm is not limited to the creation of the monolayer coverage and it 
supposes that adsorption happens on heterogeneous surface of solid. Freundlich equation was 
utilized to measure relative adsorption capacity and the relation can be given as, 
     Cs = Kf  C
n
e          (2)  
where Cs, is the amount of adsorbed of solute (mmol/g); Ce, equilibrium solution 
concentration of solute (mmol/L); Kf, (mmol/g) can be considered as a measurement of the 
relative adsorption capacity since it is the value of Cs, when Ce is unity. nf  is a constant 
related to the adsorption intensity of the adsorbent. The Freundlich equation can be linearized 
by taking logarithms of the equation, 
   ln Cs = ln Kf + nf  ln Ce                (3) 
Kf and nf values were obtained by plotting ln Cs versus ln Ce. The isotherm parameters were 
determined by nonlinear regression through the linearized form of Freundlich equation (3). 
It is known that Langmuir and Freundlich isotherms could not show the adsorption 
mechanism. In order to explain the adsorption type, equilibrium data was applied to Dubinin–
Radushkevich (DR) isotherm with the equation 
ln Cs = ln Xm –k ε
2
          (4) 
where ε is Polanyi potential, equal to RT ln (1+1/Ce), Cs is the amount of adsorbate adsorbed 
per unit weight of adsorbent (mol/g), Ce is the equilibrium concentration of boron (mol/L), Xm 
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is the adsorption capacity (mol/g), k is a constant related to adsorption energy (mol2/kJ2), T is 
the temperature (K), and R is the gas constant (kJ/molK). Xm and k values were obtained by 
plotting ln Cs versus ε
2 at various temperatures. The slope of line yields k (mol2/kJ2) and the 
intercept is equal to ln Xm [41]. These calculations were done on the assumption that the 
application condition of the DR isotherm depended on monolayer adsorption or heterogenous 
adsorption.  
The mean free energy of adsorption (the free energy change one mol adsorbate in 
transferred from infinity in solution to the surface of the adsorbent) was obtained from the 
following relationship [41], 
                                                               E = −(2k)
−0.5           (6) 
If E is less than 8 kj/mol, it can be said that the adsorption is physical adsorption due to weak 
van der Waals forces [42,43]. 
 
Thermodynamics of Adsorption 
 
In order to understand the effect of temperature on the adsorption process, thermodynamic 
parameters should be determined at various temperatures. The molar free energy change of 
the adsorption process is related to the equilibrium constant (Kc) and calculated from the 
equation: 
                                                              ∆G
o
 = −RT ln Kc                                                        (7) 
where R is the gas constant (8.314 J/molK), T is the absolute temperature. Kc (L/g) values 
were estimated as: 
                                                                     Kc = Cs/Ce                                                            (8) 
where Cs is the equilibrium concentration of boron on adsorbent (mmol/g), Ce is the 
equilibrium concentration of boron in the solution (mmol/L). Each Kc value was the average 
of all experimental values (Cs/Ce) obtained at constant temperature that the adsorption 
experiments were done. 
 Standard enthalpy change, ∆Ho, and standard entropy change, ∆So, of adsorption can 
be estimated using the following equation: 
                                                          ln Kc = − ∆H
o
ads/RT + ∆S
o
ads/R                                          
(9) 
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Looking at the equation (9) above, a plot of ln Kc against 1/T renders a straight line. The slope 
of that straight line is equal to – ∆Hoads/R and its intercept value is equal to ∆S
o
ads /R.  
Kinetics of Adsorption 
The pseudo-first order equation, the pseudo-second-order equation, and the intraparticle 
diffusion model were employed with the equations [44-46]. 
                                                      1/qt = (k1/q1)(1/t) + 1/q1                                                   (10) 
                                                        t/qt = (1/k2q2
2
) + t/q2                                                       (11) 
                                                            qt = kpt
1/2 
+ C                                                              (12) 
Where, qt is the amount of boron adsorbed (mg/g) at time t, q1 is the maximum adsorption 
capacity (mg/g) for pseudo first-order adsorption, k1 is the pseudo-first-order rate constant for 
the boron adsorption process (hr−1), q2 is the maximum adsorption capacity for the pseudo 
second order adsorption (g/mg hr), k2 is the pseudo second order rate constant (hr
−1), kp is the 
intraparticle diffusion rate constant (mg/g hr1/2), and C is the intercept.  
 
RESULTS AND DISCUSSION 
 
Characterization of Adsorbents 
 
In addition to chemical analyses, the surface areas of the adsorbents and their pore radii are 
also given in Table 1. Although the surface area of demineralized lignite (31.1 m2/g) and 
zeolite (10.2 m2/g) seemed to be greater than that of fly ash (7.2 m2/g), percentage of boron 
separated using fly ash  was greater than the percentages of boron separated using 
demineralized lignite and zeolite in every comparable experiment.  Pore radius of the fly ash 
(57.5 nm) used was much greater than those of zeolite (22.1 nm) and demineralized lignite 
(23.7 nm). This might be an important reason of enhanced adsorption of boron on fly ash 
compared to other adsorbents. Another reason for the adsorption of boron species on to the fly 
ash might be the high CaO content of the fly ash. CaO might have chemically reacted with 
boron species and thus removal of boron might have thus increased to higher values than 
those observed with demineralized lignite and zeolite. 
SEM images of fly ash, demineralized lignite and zeolite are presented in Fig.1. The 
SEM of fly ash (Fig. 1 a) shows a heterogeneous material consisting largely of small spheres, 
formed by the condensation of aluminous and siliceous glass droplets in the air. Also found in 
11 
 
fly ash sample are irregular, porous, coke-like particles of unburned carbon material, which 
are often concentrated in the larger size fractions. Fig. 1a clearly shows that finer fly ash 
particles (about 1 µm) are primarily spherical, whereas the coarser particles are mainly 
composed of irregular and porous particles. SEM micrograph of the residual coal leached with 
acid mixture is displayed in Fig. 1b. Some disintegration of the organic part of the coal after 
acid treatment can be seen. Fig.1c shows the SEM image of the zeolite sample. The natural 
zeolite sample which contained porous structure demonstrated some heterogeneously 
distributed network comprised of small fistulous and filamentous crystallites. 
The crystalline phases of fly ash were determined by XRD analyses. Fig. 2 shows the 
XRD patterns of fly ash. The results indicate that the fly ash is composed of quartz, kaolinite 
and calcium oxide. The X-ray diffractogram of the zeolite is shown in Fig. 3. The powder 
XRD pattern of the zeolite is characterized by many peaks due its structure ordering. The 
XRD pattern shows sharp and symmetric peaks, which are characteristic of lamellar 
compounds, and also indicate a high degree of crystallinity of the zeolite sample. XRD 
patterns for demineralized lignite along with the one for raw lignite for comparison are shown 
in Fig. 4. Hydrochloric acid treatment dissolved carbonate minerals of the lignite and 
hydrofluoric acid was used to dissolve the silicate minerals. In the diffractogram of the 
demineralized lignite peaks attributed to carbonate and silicate minerals are absent. The XRD 
pattern for demineralized lignite is a continuous line corresponding to amorphous carbon, 
while distinct peaks found in raw lignite and referring to different mineral species have 
disappeared.  Peaks related to inorganic minerals of kaolinite, calcite, quartz and pyrite [47] 
are shown in the diffractogram of the raw lignite, Fig. 4a.  
 
Effect of pH on Adsorption of Boron 
 
The efficiency of using fly ash, coal and zeolite for boron removal from aqueous solutions 
was tested with several operational parameters such as pH, time of reaction, material type, 
amount of adsorbent (g of adsorbent/L of solution). The pH controls the adsorption at the 
water adsorbent interfaces. The pH value of the solution was an important controlling 
parameter in the adsorption process. The form of boron in solution depends strongly on the 
pH and takes the forms of B(OH)3 at low pHs or B(OH)
4− at high pHs. Hence, optimization of 
pH for adsorption of boron was done by studying the uptake of boron over fly ash, 
demineralized lignite and zeolite as a function of pH. The pH value of the solution was an 
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important controlling parameter in the adsorption process. Adsorption of boron as a function 
of pH for fly ash, demineralized lignite and zeolite at 25oC, with an adsorbent concentration 
of 40 g/L and an initial boron concentration of about 10 ppm (~1 mmol/L) and adsorption 
time of 24 hours is presented in Fig. 5. The dependence of the adsorption of boron on the pH 
of the solution has been studied to achieve the optimum pH value and a better understanding 
of the adsorption mechanism. The results showed that boron removal by all adsorbents 
depended on the pH of the solution [36]. It has been found that maximum adsorption of boron 
from aqueous solutions takes place at pH range of 10-11. Decreased adsorption values were 
observed at lower pH values. Therefore, all adsorption experiments were conducted at pH 10. 
The amount of boron removed was higher in the case of fly ash. When the pH was in the 
range of 10-11, boron removal by fly ash increased to about 94 %. Demineralized lignite and 
zeolite seemed to be not very effective compared to fly ash. Boron removal by demineralized 
coal and zeolite reached to maximum values of about 18 % at the same pH values. 
 
Effect of Amount of Adsorbent on Boron Sorption 
 
It is essential to determine the optimum amount of adsorbent, (g adsorbent/L of solution), in 
order to avoid an excessive consumption of the adsorbent, which makes the process more 
complicated without achieving a significant increase in the removal yield. The amounts of 
adsorbent studied and their corresponding amounts of boron removal, stated as percentages, 
are shown in Fig. 6. The amount of boron removed from aqueous boron solutions increased 
by increasing the adsorbent quantity for all the adsorbents. It can be observed that the process 
is strongly influenced in the beginning by the quantity of adsorbent present. A significant 
positive slope is revealed. Adsorption of boron with the amount of adsorbent increased in all 
of the adsorbents. The effect was more pronounced in the case of fly ash. As the amount of 
the fly ash was increased from 20 g/L to 100.0 g/L, the percentage of adsorbed boron 
increased from 47 to 94, respectively. Further increase in the amount of the fly ash did not 
change the percentage of the adsorbed boron significantly. The situation in the case of 
demineralized lignite and zeolite was similar, but the boron adsorbed remained at much lower 
values of 16.9 % and 15.8 %, respectively, when the amount of the adsorbents was increased 
from 20 g/L to 50 g/L. Increasing the amount of demineralized lignite and zeolite up to 200 
g/L changed the percentage of adsorbed boron only to 17.3% and 15.4%, respectively. 
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Therefore the optimum values of the amount of adsorbents was found to be for fly ash, 
demineralized lignite and zeolite,  100 g/L, 50 g/L and 50 g/L, respectively. 
 
Adsorption Isotherms 
 
The sorption experiments of boron were performed in the batch mode. The equilibrium 
relationship between the amount of boron adsorbed per unit mass of the sorbent and the 
residual boron concentration in solution phase were expressed by adsorption isotherms.  
The adsorption isotherms of boron in aqueous solution for fly ash at different 
temperatures are shown in Fig. 7 and those of demineralized lignite and zeolite at 25 oC are 
shown in Figure 8. As can be seen from the curves, it can be concluded that the amount of 
adsorbed boron increased as its equilibrium concentration in solution increased. The 
isotherms for all adsorbents can be classified as type I isotherm.  In the type I case, the 
amount adsorbed component increases steadily with concentration until a plateau is reached 
where surface of the adsorbent practically is saturated. No further adsorption occurs at this 
stage. This isotherm describes 'ideal' chemisorption, where molecules chemisorb until the 
surface becomes saturated with adsorbate, whereupon adsorption ceases. Type I behavior is 
generally explained with Langmuir isotherm.  
The applicability of the Langmuir and Freundlich sorption isotherms were tested under 
these specified conditions. The data obtained from the adsorption process was fitted into the 
linearly transformed Langmuir and Freundlich adsorption isotherms. The values of Langmuir 
and Freundlich isothermal constants, obtained from the linear fits of the data obtained at 25oC 
are presented in Table 2. The data obtained in the present work nicely fit the Langmuir and 
Freundlich models. Analyses of the results obtained revealed that the adsorption of boron on 
fly ash could be explained both by Langmuir and Freundlich isotherms. Because R2 values of 
the linearization of both Langmuir and Freundlich isotherms were the highest and almost 
equal. Since it is known that no one isotherm can describe all behavior over all ranges of 
surface coverage and concentration, our findings should be considered meaningful.  
While adsorption behavior of boron on demineralized lignite could be explained 
mainly by Langmuir isotherm (R2= 0.9953), the adsorption on zeolite could be explained 
mainly by Freundlich isotherm (R2=0.9985). Values in Table 2 reveal the extent of adsorption 
on different adsorbents. Cm and L explained why the adsorption on fly ash was much greater 
compared with those of demineralized lignite and zeolite. L is the equilibrium constant 
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relating rates of adsorption and desorption (L=ka/kd). Greater values of L indicated higher 
rates of adsorption rather than desorption, which suggested more material adsorbed on the 
adsorbent. L value for the fly ash was much greater than those of other adsorbents. This was 
also an indication why the extent of adsorption on fly ash was the greatest among other 
adsorbents.  
  The Freundlich isotherm represents the data at low and intermediate concentrations 
and is a good model for heterogenous surfaces. When the value of Freundlich constant nf  is 
equal to unity, Freundlich equation becomes linear and the Freundlich constant Kf becomes 
equivalent to the distribution ratio, which is an empirical constant usually used in the 
quantification of the sorption process [48]. If the value of nf is equal to unity, the adsorption is 
linear and it indicates that adsorption sites are homogeneous in energy and no interaction 
takes place between the adsorbed species. As implied by the values of nf, sorption seems to be 
highly nonlinear for fly ash and demineralized lignite but close to unity in the case of zeolite. 
This indicates a fast decrease in the fixation capacity of the sorbent sites as the initial 
concentration is increased. Since Freundlich isotherm does not predict a maximum coverage 
for a given sorbent, it is hard to say that Kf corresponds to the maximum sorption capacity. 
The value of Kf  can, however, be correlated with the sorption capacity of the sorbent under 
the particular experimental conditions and can be useful in providing a qualitative comparison 
for the fixation ability of a given sorbent towards different sorbates. 
Xm and k values were obtained by plotting ln Cs versus ε
2 at various temperatures. The 
slope of line yields k (mol2/kJ2) and the intercept is equal to ln Xm. The results were presented 
in Table 3. The mean free energy of adsorption known as the free energy change when one 
mol adsorbate is transferred from infinity in solution to the surface of the adsorbent was 
obtained from the following relationship E = −(2k)−0.5  given by Hobson [41]. DR parameters 
were given in Table 3. As can be seen in Table 3, correlation factors (R2) are in the range 
0.9514–0.9852 for fly ash at 25oC. The magnitude of free energy is used for estimating the 
type of adsorption [42]. E values are in the range of 3.116–7.036 kJ/mol. Since E values 
found in our work are less than 8 kJ/mol, physical adsorption due to weak van der Waals 
forces [42,43] was also occurring in addition to chemisorptions that was observed by the Type 
I isotherms. Xm values increased with increasing of temperature from 25 to 45
oC for fly ash. 
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Adsorption Thermodynamics 
 
Standard entropy and enthalpy changes of the adsorption of boron on fly ash were calculated 
as, ∆S0 = -0.690 kJ/molK and ∆H0 = -215.34 kJ/mol, respectively. As can be seen from Table 
4, Kc values are decreasing with increase in temperature. In contrast, ∆G
0 values increased 
when the temperature increased. The negative values of ∆G0 implied that the adsorption of 
boron on fly ash samples was spontaneous. The negative value of ∆S0 indicated the decreased 
randomness at the solid/solution interface during the adsorption boron on the fly ash sample. 
Negative value of ∆H0 showed the exothermic nature of the process. Negative ∆S0 values 
correspond to a decrease in degree of freedom of the adsorbed species. In addition to this, 
since values of ∆G0 increased with an increase in temperature, the spontaneous nature of 
adsorption is inversely proportional to the temperature.  
 
Adsorption Kinetics 
 
Change of adsorption of boron by fly ash zeolite and demineralized lignite with time at 25oC 
is shown in Fig. 9. The effect of contact time on the amount of boron adsorbed onto 
adsorbents was examined at the optimum initial concentration of boron. As can be seen from 
Fig. 9, the maximum amounts of adsorption of boron onto all of adsorbents were observed at 
about 25 hours. There is almost no further increase of adsorption after 25 hours. Therefore it 
can be accepted as optimum contact time. Several kinetic models have been applied with a 
view to finding out the adsorption mechanism of boron onto fly ash sample since the highest 
adsorption of boron was observed with the fly ash [40]. 
First, 1/qt was plotted versus 1/t to investigate the fit of pseudo-first-order-kinetics to 
boron adsorption. From the linear correlation analysis it is estimated that the values of the 
correlation coefficient (R21) for the pseudo-first-order model is 0.869, for fly ash at initial 
boron concentration of 10 ppm (~1 mmol/L). Coefficient for pseudo-second order kinetic 
(R22) was obtained by plotting t/qt versus t and this coefficient was found to be 0.983. Third, 
the plot of qt versus t
1/2 for the intraparticle diffusion model was tested. Correlation coefficient 
for intraparticle diffusion (R2p) value was 0.958. As conclusion it R
2
2 values are greater than 
those of other rate laws and it might be stated that the adsorption of boron on fly ash was 
occurring with a pseudo-second order kinetic model. Since intraparticle diffusion model 
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coefficient (R2p) was also relatively significant, it might also be concluded that intraparticle 
diffusion of the boron species had also some effect in the adsorption kinetics. 
 
CONCLUSIONS 
 
a. This study demonstrated that boron removal from aqueous solutions was controlled by 
the material type and operational conditions (pH, dose of the adsorbent). Boron in 
aqueous solutions could be removed with fly ash, zeolite and demineralized lignite 
with different capacities. Utilization of zeolite and demineralized coal were not that 
successful in removing boron from aqueous solutions. Experiments showed that a 
considerable amount of boron (>90%) could be removed using fly ash as the adsorbing 
medium. Therefore fly ash, a waste product of power stations, can be successfully 
used to remove boron from contaminated waters. 
b. The results indicated that boron removal by all the adsorbents were affected by the pH 
of the solution. It seemed that maximum adsorption was achieved in the pH range of 
10-11 for all of the adsorbents. Boron removal by fly ash was strongly dependent on 
the pH.  
c. Adsorption of boron with the amount of adsorbent increased in all of the adsorbents. 
The effect was more pronounced in the case of fly ash. As the amount of the fly ash 
was increased from 20 g/L to 100.0 g/L the percentage of adsorbed boron increased 
from 47 to 94, respectively.  
d. The isotherms of boron adsorption for all adsorbents can be classified as type I 
isotherm. Analyses of the results obtained revealed that the adsorption of boron on fly 
ash could be explained both by Langmuir and Freundlich isotherms.  
e. Dubinin-Radushkevich model was used to calculate adsorption energies. Standard 
entropy and enthalpy changes of the adsorption of boron on fly ash were calculated as, 
∆S0 = -0.69 kJ/molK and ∆H0 = -215.34 kJ/mol.  
f. The negative values of ∆G0 implied that the adsorption of boron on fly ash samples 
was spontaneous. The negative value of ∆S0 indicated the decreased randomness at the 
solid/solution interface during the adsorption boron on the fly ash sample. negative 
values of ∆H0 show the exothermic nature of the process. 
17 
 
g. The adsorption of boron on fly ash was occurring with a pseudo-second order kinetic 
model and intraparticle diffusion of the boron species had also some effect in the 
adsorption kinetics. 
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Table 1. Chemical analyses of the demineralized lignite, zeolite and fly ash samples and 
surface characteristics.  
 
 
 
 
 
Elemental Analysis of 
Beypazari Lignite,  
(dry and mineral matter free basis) 
% by weight 
Chemical 
Group 
Zeolite, 
% (by weight) 
Fly Ash, 
% (by weight) 
SiO2 71.0 16.8 
CaO 3.4 44.2 
Fe2O3 1.7 3.8 
Al2O3 11.8 9.1 
C 61.2 K2O 2.4 1.4 
 
H 5.5 MgO 1.4 2.3 
N 1.9 Na2O 0.4 2.7 
S (Total) 5.3 TiO2 0.1 0.5 
O  
(by difference) 
26.1 P2O5 - 0.2 
B2O3  
(with ICP) 
- B2O3  
(with ICP) 
- - 
Surface Characteristics of the Adsorbents 
Adsorbent Surface Area, 
m
2
/g 
Pore Volume, 
cm
3
/g 
Pore Radius, 
nm 
Fly Ash  7.2 0.19 57.5 
Zeolite 10.2 0.11 22.1 
Demineralized Lignite 31.1 0.08 23.7 
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Table 2.  Langmuir, Freundlich and Dubinin Radushkevich isotherm constants for 
different sorbents at 25oC. 
 
 
 Langmuir Constants Freundlich Constants Dubinin-Radushkevich 
Constants 
Sorbent R2 Cm, 
mmol/g 
L  
L/mmol 
R2 Kf, 
mmol/g 
nf R
2 Xm,  
mol/g 
k, 
mol2/kJ2 
Demineralized 
lignite 
0.9953 0.0076 2.172 0.9868 0.0051 0.338 0.9593 0.0063 0.0622 
Zeolite 0.9792 0.0031 0.365 0.9985 0.0008 0.7711 0.9380 0.0012 0.1082 
Fly ash 0.9969 0.0275 24.52 0.9973 0.0334 0.2452 0.9852 0.0273 0.0101 
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Table 3. Dubinin-Radushkevich constants and adsorption energies for fly ash  
at different temperatures. 
 
 
T, 
o
C R
2
 Xm, mol/g k, mol
2
/kJ
2
 -E, kJ/mol 
25 0.9852 0.0273 0.0101 7.036 
35 0.9838 0.8699 0.0297 4.103 
45 0.9514 0.2758 0.0515 3.116 
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Table 4. Equilibrium constants and standard Gibb’s free energy changes for fly ash at three 
different temperatures and standard enthalpy change of adsorption and standard entropy 
change of adsorption for fly ash.  
 
T, K Kc, L/g ∆G
0
, kJ/mol ∆H
0
ads, kJ/mol ∆S
0
ads,  
kJ/mol K 
298 52.13 -9.796  
-215.34 
 
 
-0.69 
308 2.44 -2.282 
318 0.22 3.985 
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Table 5. Kinetic parameters for adsorption of boron on fly ash. 
k1 
(h
-1
) 
q1 
(mg/g) 
R
2
1 
k2 
(g/mg h) 
q2 
(mg/g) 
R
2
2 
kp 
(mg/g h
1/2
) 
C 
(mg/g) 
R
2
p 
2.922 0.0025 0.869 8.5158 0.0271 0.983 0.0028 0.0095 0.958 
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Figure 1. SEM images of a) fly ash, b) demineralized lignite and c) zeolite. 
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Figure 2.  X-ray diffractogram of  fly ash. 
 
 
 
 
 
28 
 
 
 
 
 
Figure 3.  X-ray diffractogram of  zeolite. 
 
 
 
 
 
 
29 
 
 
 
Figure 4. XRD results of lignite a) before and b) after demineralization. 
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Figure 5. Percent adsorption as a function of pH for fly ash, demineralized lignite and zeolite, 
(T = 25oC, adsorbent concentration = 40 g/L, initial B concentration = 10 ppm (~1 mmol/L), 
adsorption time = 24 hours). 
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Figure 6. Percent adsorption as a function of adsorbent concentration (g/L) for zeolite, 
demineralized lignite and fly ash (T = 25oC, pH = 10, initial B concentration = 10 ppm (~1 
mmol/L), adsorption time = 24 hours). 
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Figure 7. Cs (mmol/g) vs Ce (mmol/L) for fly ash at different temperatures. 
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Figure 8. Cs (mmol/g) vs Ce (mmol/L) for demineralized lignite and zeolite at 25
oC. 
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Figure 9. Adsorbed boron mass as a function of time (h) for zeolite (clinoptilolite), 
demineralized lignite and fly ash (T = 25oC, pH = 10, adsorbent concentration = 40 g/lt, initial 
B concentration = 10 ppm (~1 mmol/L)). 
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